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ABSTRACT

Remote sensing data at scales of kilometers and an Earth analog were used to accurately
predict the characteristics of the Mars Pathfinder landing site at a scale of meters. The surface
surrounding the Mars Pathfinder lander in Ares Vallis appears consistent with orbital
interpretations that it would be a rocky plain composed of materials deposited by catastrophic
floods. The surface and observed maximum clast size appears similar to predictions based on an
analogous surface of the Ephrata Fan in the Channeled Scabland of Washington state. The
elevation of the site measured by relatively small footprint delay-Doppler radar is within 100 m of
that determined by two-way ranging and Doppler tracking of the spacecraft. The nearly equal
elevations of the Mars Pathfinder and Viking Lander 1 sites allowed a prediction of the atmospheric
conditions with altitude (pressure, temperature and winds) that were well within the entry, descent
and landing design margins. High-resolution (~38 m/pixel) Viking Orbiter 1 images showed a
sparsely cratered surface with small knobs with relatively low slopes, consistent with observations
of these features from the lander. Measured rock abundance is within 10% of that expected from
Viking orbiter thermal observations and models. The fractional area covered by large, potentially
hazardous rocks observed is similar to that estimated from model rock distributions based on data
from the Viking landing sites, Earth analog sites, and total rock abundance. The bulk and fine-
component thermal inertias measured from orbit are similar to those calculated from the observed
rock size-frequency distribution. A simple radar echo model based on the reflectivity of the soil
(estimated from its bulk density), and the measured fraction of area covered by rocks was used to
approximate the quasi-specular and diffuse components of the Earth-based radar echos. Color and
albedo orbiter data was used to predict the relatively dust free or unweathered surface around the
Pathfinder lander compared to the Viking landing sites. Comparisons with the experiences of
selecting the Viking landing sites demonstrate the enormous benefit the Viking data and its analyses
and models had on the successful predictions of the Pathfinder site. The Pathfinder experience
demonstrates that in certain locations geologic processes observed in orbiter data can be used to
infer surface characteristics where those processes dominate over other processes aftecting the

Martian surface layer.



INTRODUCTION

The successful landing of the Mars Pathfinder spacecraft and the collection of science and
engineering data from the lander and rover allows the assessment of predictions made for the site
based on Viking and Earth-based data. Prior to Pathfinder, direct observation of the Martian
surface from the ground was limited to the two Viking landing sites, so the characteristics of other
sites had to be inferred from remote sensing data at much coarser spatial resolutions.

Selection of the Mars Pathfinder landing site took place over a two and a half year period
in which engineering constraints were identified, surface environments and safety considerations
were developed (for the robust lander), and the potential science return at different sites was
considered [Golombek et al., 1997a]. Sites (100 km by 200 km target ellipses) were considered
safe if they were below 0 km elevation (to provide enough atmosphere for parachute descent),
were free of hazards in high-resolution (<50 m/pixel) Viking orbiter images (for a reasonably flat
surface for final free fall and bounces), had acceptable reflectivity and roughness at radar
wavelengths (for proper measurement of closing velocity with the radar altimeter during final
descent), had relatively (compared to Mars average) high thermal inertia (for a relatively dust free
and trafficable surface), moderate rock abundance (for scientific analyses), low red to violet ratio,
and low albedo (for relatively dust free and/or unweathered rocks). The Ares Vallis site was
selected because it appeared acceptably safe and offered the prospect of analyzing a variety of rock
types deposited by catastrophic floods. Such a site would enable addressing first-order scientific
questions like differentiation of the crust, the development of weathering products, and the nature
of the early Martian environment and its subsequent evolution.

In selecting the Ares Vallis site using the remotely sensed data and the geologic setting. a
number of predictions of the surface characteristics of the site were made [Golombek et al.,
1997a]. At the broadest level, we predicted that the Ares Vallis site would be safe for landing and
roving with less dust and/or weathered surfaces and rocks than the two Viking lander sites. We
also believed the surface would be a rocky plain, similar to catastrophic flood deposited surfaces
on Earth, with the prospect of a variety of rock types available for study by the rover. This paper
discusses both the overall predictions as well as the individual remote sensing observations used in

evaluating the landing site and expectations of remote-sensing signatures based on the landed data.
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The results indicate that the inferred properties of the surface derived from remote sensing data

accurately predicted both the overall and specific characteristics of the surface.

GEOMORPHOLOGY AND GEOLOGICAL ANALOG

Many characteristics of the landing site are consistent with its being shaped by the Ares and
Tiu catastrophic floods and their deposits [Golombek et al., 1997b, this issue; Smith et al., 1997].
These characteristics include: (1) a rocky surface with rounded to subrounded pebbles, cobbles and
boulders that appear similar to those of depositional plains in terrestrial catastrophic floods (see
later discussion), (2) large tabular rocks, many of which are perched, like those deposited by
catastrophic floods, (3) imbricated rocks inclined in the direction of high discharge (such as in the
Rock Garden, for location see Figures 7, 14 and 15 in Golombek et al. [this issue]), (4)
streamnlined hills in lander images, like the Twin Peaks (Figures 6, 7 and 14 in Golombek et al.
[this issue]), in agreement with interpretations of them in Viking orbiter images of the region, and
(5) a broad, gentle ridge trending northeast from Twin Peaks [Golombek et al., 1997b]. This
broad, gentle ridge, which is the rise to the north of the lander, is aligned in the downstream
direction from the Tiu Vallis floods, and may be a debris tail deposited in the wake of the Twin
Peaks (Figure 6 in Golombek et al. [this issue]). Troughs visible throughout the scene may be
primary features produced by the flood or they may be a result of late stage drainage of water that
preferentially carried away the fines leaving an armored and rocky surface.

During the selection of the landing site, the Channeled Scabland in Washington state was
studied as an analog to Ares Vallis [Golombek et al., 1995, 1997a]. In particular, the 40 km long
Ephrata Fan, deposited where channelized water flowing down the Grand Coulee filled the Quincy
Basin, was compared with the depositional area in Chryse Planitia, where the landing site is
located (see Figure 5 in Golombek et al. [this issue]). The gradient in clast size with distance from
the mouth of the channel on the Ephrata Fan [Baker, 1972] suggests that the largest clasts carried
by the catastrophic floods (estimated at 10 m intermediate dimension, [Komatsu and Baker, 1997])
would have been deposited about 100 km south of the landing site where the channel debouches
into Chryse Planitia. Thus it was anticipated that the landing site would have moderate rock

abundances [Rice and Edgett, 1997; Edgert and Christensen, 1997], with rocks considerably
4



smaller than 10 m [Golombek and Rapp, 1997], and that it would be relatively safe for landing and
roving [Golombek et al., 1997a]. The overall geology, geomorphology, and appearance of the
landing site is similar to those of the depositional Ephrata Fan (Figure 1), as interpreted from
orbital images prior to landing [Golombek et al., 1997a] and the abundance and size of pebbles,
cobbles and boulders are consistent with the expected general decrease in clast size from the mouth
of the channel [Baker, 1972, Golombek et al., 1997a]. Images acquired by Pathfinder also imply
that a variety of rock types may be present at the landing site [Golombek et al., this issue] as would
be expected in material eroded and subsequently deposited in a catastrophic flood that flowed
across heterogeneous materials.

In general the surface at the Pathfinder landing site appears to have changed little since it
formed billions of years ago [Golombek et al., this issue; Ward et al., this issue], with the
exception that eolian activity may have deflated or exhumed the surface by 5-7 cm, deposited wind
tails of fine dust, collected sand into dunes, and eroded ventifacts (fluted and grooved rocks)
[Greeley et al., this issue]. Impact cratering has also modified the site, but its effect appears to be
limited to deposition of small, angular dark rocks (ejecta) [Smith et al., 1997]. The lack of
extensive post-flood erosion and/or deposition of the site is probably why it appears similar to the
Ephrata Fan, which has not been extensively modified since the latest flood (less than 1 m loess
and volcanic ash have accumulated since the flood about 12,000 years ago [e.g., Baker, 1972;

Rice and Edgett, 1997]).

ELEVATION

The elevation of the Pathfinder landing site was assessed prior to landing as a critical input
for entry, descent and landing analysis and design. The primary data were obtained from three
delay-Doppler radar tracks that provided ranging across the designated landing ellipse [Haldemann
et al., 1997]. The average values of the radar ranging for all three tracks within the ellipse
boundaries are reported as planetary radius in Table 1. The radar observations were compared with
both the 6.1 mbar Mars geoid. based on the 4th order and degree gravity field [e.g.. U.S.
Geological Survey, 1993], and the Mars 50c geoid, based on the 50th degree and order gravity

field [Konopliv and Sjogren, 1995], as well as with elevation information for Viking Lander 1
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[Yoder and Standish, 1997]. The difference in elevation with Viking | was critical for deriving the
atmospheric profile for planning key events during entry, descent and landing. After landing, once
the location of the lander was determined by two-way tracking [Folkner et al., 1997], its exact
elevation was compared with the values of radar ranging data for the 6 radar resolution cells (10
km by 150 km) that contain the lander [Haldemann et al., 1997].

It was predicted prior to landing that the average elevation of the center of the site would be
about the same elevation as Viking Lander 1 relative to the 6.1 mbar geoid [Haldemann et al.,
1997] and on Viking tracking results [Yoder and Standish, 1997]. The Doppler tracking and two-
way ranging estimate for the elevation of the spacecraft is 3389.7210.03 km relative to the center
of mass of the planet [Folkner et al., 1997]. The elevation of the lander with respect to the 6.1
mbar geoid is -1.66 and only 60 m lower than the Viking 1 lander; results for the Mars 50c geoid
[Konopliv and Sjogren, 1995] indicates Pathfinder is 110 m lower than Viking Lander 1. The
elevation of the lander is also within 100 m of the elevations derived from the delay-Doppler radar
tracks that contain it, which represents remarkable agreement within the uncertainties of the
measurements. Note that these result vary slightly from those reported earlier in Golombek et al.
[1997b] owing to a more precise selection of the geoid at the actual lander location that takes into

account the cartographic/inertial frame offset [Golombek et al., this issue].

ATMOSPHERIC CONDITIONS

The atmospheric conditions used to design and model entry, descent and landing [Spencer
and Braun, 1996; Braun et al., 1997] were based on a combination of Viking data, Earth-based
observations, and general circulation models. As the Viking | and Pathfinder landing sites are at
similar latitudes and altitudes (based on the radar data), Viking | surface temperatures, pressures
and winds at the Pathfinder landing season and local solar time were assumed. The model assumed
a surface elevation of -1.593 km relative to the 6.1 mbar datum. The predicted vertical atmospheric
structure was also influenced by Earth-based microwave observations, modified near the surface
for time of day eftects. Considerable margin was provided to accommodate uncertainties in vertical
temperature structure. In the absence of suitable Mars data, vertical wind shear in the lower 10 km

of the atmosphere was scaled from terrestrial wind shear data sets.
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After landing (Table 2), surface pressures and winds (5-10 m/sec) were found to be very
similar to expectations (see low level winds in Golombek et al., [1997a]), although temperatures
were approximately 10 K warmer (measured on sol 3 at 03:00 local solar time [Schofield. et al.,
1997]). Higher temperatures are consistent with the lower surface albedo (0.24) and greater
surface thermal inertia (10.4) of the Pathfinder landing site relative to the Viking Lander 1 site
(albedo ~0.29, thermal inertia ~8.4 x 10-3 cgs units, see later discussion) [Palluconi and Kieffer,
1981]. Pathfinder’s atmospheric profiles during entry are based on the accelerometer
measurements which provide density directly. Pressure is derived from density versus height using
the hydrostatic equation, and temperature comes from the ideal gas law given pressure and density.
The temperature profile below 50 km was roughly 20 K warmer than the model, so the pressure
scale height is larger than assumed in the model. As a result, observed densities were 5% lower
near the surface and a factor of 2 higher at 50 km, though still well within the entry, descent and

landing design margins.

HIGH-RESOLUTION IMAGING DATA

The gently undulating surface seen over large distances around the lander is consistent with
a surface relatively free of hazardous slopes that was predicted with high-resolution (38 m/pixel)
images of the landing site (Table 3). Only 1.2% of the surface was measured to be covered by
craters in Viking orbiter images [Golombek et al., 1997a] and 3 small craters are visible from the
lander (1.5 km, 0.15 km and 0.14 km diameters) [Golombek et al., this issue]. Given the size-
frequency distribution of craters measured at the site [Parker and Rice, 1997], there is a 40%
probability of landing at a location within view of three such craters, implying that the lander is
actually in a more heavily cratered region of the ellipse than average.

Small hills and mesas measured in orbiter images cover 0.7% of the landing ellipse surface
and photoclinometry measurements indicated generally low slopes (average slopes of 10°,
maximum slopes of 25°) [Golombek et al., 1997a]. Slopes of north and south Twin Peaks
measured in lander images are consistent with these estimates (14°-27°). Larger hills such as Far
(Figure 1), Southeast and North Knobs (see Figure 6, 8 and 9 in Golombek et ul., [this issue])

have steeper slopes (>30°). consistent with their steeper slopes in high-resolution Viking
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topographic maps [Howington-Kraus et al., 1995]. Given the size-frequency distribution of knobs
measured at the site [Golombek et al., 1997a], there is only a 10% probability of landing at a
location within view of four knobs, implying that the lander is in a region of the ellipse with many
more knobs than average. Preliminary quantitative measurements of meter-scale root-mean-square
slopes have been calculated from digital terrain maps derived from stereo images acquired by the
lander camera [Smith et al., 1997, Plate 4]. These results (4°) appear to be roughly consistent with
root-mean-square slopes near 5° for the smallest footprint [Haldemann et al., 1997] and slightly

larger slopes for larger footprint radar measurements (Table 3).

ROCK ABUNDANCE

The rock size-frequency distribution was determined from the measurement of rock
apparent diameters using the Marsmap virtual reality data visualization program [Stoker et al., this
issue]. Rock diameters perpendicular to a radial from the local lander coordinate center were
measured from the lander imagery. Note that the apparent diameter is some combination of the
length and width of the rock depending on its aspect ratio and orientation with respect to the
imager. In this analysis, rocks are assumed to have circular bases to calculate areal coverage.
Preliminary comparisons of measurements of each axis indicate the assumption of circular bases
has little effect on these results (<20%); uncertainty in the diameter measurements is 1 cm. The
cumulative fractional area within an annulus from 3 m to 6 m radius centered in the lander local
coordinate frame covered by rocks with diameters greater than 3 cm is 16.1%. Within the annulus
the rock cumulative fractional area coverage in the eastern third is only 10.2%, while for the
southwestern third (Rock Garden) it is 24.6%. Rock heights were also measured as the maximum
difference between the top of the rock and the ground surrounding the rock. Plots of cumulative
fractional area covered by rocks larger than a given diameter or height are plotted in Figures 2 and
3 for the entire annulus. The distribution of large rocks appears skewed due to the presence of
Yogi (see Figure 15 in Golombek et al., [this issue]) within the annulus (a large rock within a
small counting area). As a result. an attempt was made to measure the size of large rocks in the far
field to better constrain the size-trequency distribution of these potentially hazardous rocks. Rocks

beyond the 3 to 6 m annulus were measured from vertical stereo comparisons of the pre- and post-

8



mast deployment panoramas. All rocks with one dimension greater than 20 pixels and visible in
both panoramas were measured. This produced a set of 56 far-field rocks that were binned
according to their size. For example a 2 m rock would be 20 pixels in size if it were within 200 m
of the lander (IMP pixel resolution about | mrad). Thus, a 2 m rock is only included if it is nearer
than 200 m, and the area considered for 2 m rocks is the 200 m radius circle around the lander
(Figure 2).

The rock-strewn surface at Ares is reasonably consistent with expectations prior to landing
(Table 3). Expectations were about 20% (18% for the pixel containing the lander) as indicated by
rock abundances from Viking orbiter Infrared Thermal Mapper (IRTM) observations [Christensen,
1986b, Edgett and Christensen, 1997], which is similar to the 16% measured at the site.
Christensen [1982, 1986b] assumed an effective thermal inertia of 30 (10-3 cgs units or 103
calories cm? 570 K1) for the rock population which corresponds to spherical rocks ~0.10 m in
diameter [Christensen, 1986b, Christensen and Moore, 1992]; below we obtain a modestly
different effective thermal inertia for the rock population. A rocky surface was also suggested by
the nearby Viking 1 site which has similar rock coverage [Moore and Keller, 1990, 1991], but a
somewhat lower rock abundance (about 15%) [Christensen , 1986b].

Model rock distribution estimates for the Ares Vallis site derived from those measured at
the Viking landing sites, Earth analog sites, and from IRTM estimates are similar to those observed
at the site [Golombek and Rapp, 1997]. These models indicated that about 0.7-3% of the area
would be covered by potentially hazardous rocks that are greater than 1 m in diameter or 0.5 m
high {Golombek and Rapp, 1997], which is close to that measured around the lander (Figures 2
and 3). The far field estimates of large rocks are consistent with the predicted rapid drop in
fractional area covered by these potentially hazardous boulders. Using the far field rocks (and the
commensurably larger counting area) combined with Yogi in the near field suggests that rocks
higher than 0.5 m cover an area less than 1% (0.5%) and rocks greater than 1 m in diameter cover

and area considerably less than 1% (0.2%).



THERMAL INERTIA

We have estimated an effective thermal inertia near 40 (10-3 cgs units or 10~ calories cm™
03 K1) for the entire rock population (compared with 30 assumed for the IRTM analysis above)
by summing the products of the thermal inertias and areas for each rock and dividing by the total
area covered by the rocks (Table 3, Figure 2). In the estimate based on the model of Jakosky
[1986], rocks greater than 0.26 m in diameter have inertias near 50 (10-3 cgs units) and smaller
ones vary as the 0.75 power of their diameter; 0.03 m rocks have inertias near 10. Using a bulk
thermal inertia of 10.4 [Palluconi and Kieffer, 1981] for the landing site and a graphical
representation of Kieffer’s model [Kieffer et al., 1977], we obtain a fine-component inertia near
8.4 which agrees with the fine-component inertia of 8.7 (in 10-3 cgs units) estimated from thermal
observations from orbit by the IRTM [Christensen, 1982, 1986a]. Fine component inertias of this
magnitude are consistent with the presence of cohesionless, well-sorted, sand-size materials [e.g.
Presley and Christensen, 1997a,b], poorly-sorted granular mixtures [Jakosky 1986], and
cemented soil-like deposits [Jakosky and Christensen, 1986]. The presence of sand-size material,
poorly-sorted granular mixtures, and cemented soil-like deposits have been inferred from
Sojourner and Mars Pathfinder observations [Moore et al., this issue; Greeley et al., this issue] and

these materials present no difficulties to landing or roving nor would materials inferred from the

smaller inertias in other models [Haberle and Jakosky, 1991; Hayashi et al., 1995].

RADAR REFLECTIVITY

The validity of interpretations of radar echoes prior to landing are supported by a simple
radar echo model [Evans and Hagfors, 1964], an estimate of the reflectivity of the soil, and the
fraction of area covered by rocks. The model relates the total cross-section of the polarized echo
(Goc) With the quasi-specular (6Qq) and the diffuse (6P¢) components: Goc = 6Q0c + 6Pyc. The
quasi-specular component (6Q,.) is related to the normal reflectivity (po), the root-mean-square
slope in radians (©y), a number near unity, and the area (X) producing the quasi-specular echo.
The diffuse component is related to the reflectivity of the wavelength scatters (py), the directivity,
and the fraction of area of scatterers producing the diffuse echo: Gy = po (1 +n 02) X +pr g(l1-

X), where p, = 0.06, O, = 4.8°, X = 0.839, p,= 0.23, and g=2. In the calculations, the soil
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produces the quasi-specular echo and the rocks, which generally have knobby surfaces, produce
the diffuse echo. For the soil, the reflectivity is estimated to be near 0.04-0.06 in a two-step
process. First, the soil is assumed to be similar to lunar soil simulant [Mitchell et al., 1972] so that
its bulk density can be taken as 1.285-1.518 g/cm3 because its friction angle is near 34.3°-36.6°
[Moore et al., this issue; Rover Team, 1997]. Second, the reflectivity is estimated from a relation
between bulk density and normal reflectivity [Olhoeft and Strangway, 1975]. In the model, the
quasi-specular cross-section is reduced to 0.034-0.050 by the fraction of area covered by the
reflector (0.839) and enhanced (1.007) by the root-mean-square slope term (taken as 4.8°). This is
comparable to the reflectivities of 0.0610.02 reported from the 3.5-cm delay-Doppler observations
(for small root-mean-square-slopes, reflectivities and quasi-specular cross-sections are nearly
equal), which are modestly larger than the 0.045 reported for the continuous-wave observations
(Table 3). For the diffuse echo, rocks cover 16.1% of the surface and are assumed to have a
reflectivity and directivity appropriate for rocks (0.23 and 2, respectively [Thompson and Moore,
1989]). With these values, the model yields a polarized diffuse echo cross section of 0.07 - a value
close to the 0.055 reported for 3.5-cm wavelength observations [Haldemann et al., 1997]. At
12.5-cm wavelength, similar rock populations at Ares and the Viking 1 site are expected because
the diffuse echoes are comparable [Harmon, 1997], but the large quasi-specular reflectivities
(~0.12-0.13) suggests bulk densities greater than 2.2 g/cm3. One possible explanation is that bulk
densities of soils (perhaps like Scooby Doo) at depth are larger than those at the surface. In any
event, the successful landing and roving at Ares is consistent with the pre-landing site appraisal of

the radar echoes.

COLOR AND ALBEDO

Appraisal of orbiter color and albedo data prior to landing suggested that surfaces of
materials at Ares Vallis would be relatively dust-free and unweathered [Golombek et al.. 1997a]
when compared with the materials at the Viking landing sites. where many of the rocks were
apparently coated with bright red dust and/or varnish [Guinness et al., 1987, 1997]. This
suggestion may be manifested by a greater abundance of relatively dark-gray rocks [McSween et

al., this issue] and dark-gray surfaces of soils [Smith et al., 1997] and smaller areas of drifts at the
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Pathfinder site than at the Viking sites. There are no quantitative assessments of the relations of
color data at the three landing sites, but it is our impression that dark-gray rocks and dark-gray

soil-like deposits are more abundant at the Pathfinder site than at the Viking sites.

DISCUSSION

There are important differences as well as many parallels in the Pathfinder and Viking
landing site selection and certification processes. Among the differences are: (1) knowledge of the
atmosphere for entry, descent, and landing, (2) method of landing (e.g., legs versus airbags), (3)
available images and sophistication of analyses of them, (4) completeness and sophistication of
radar-echo data analyses, (5) completeness and sophistication of analyses of thermal data, (6)
previous experience on the surface of Mars, (7) a "learn as you go" philosophy in which changes
were made during the mission, (8) scientific goals and (9) selection of a site for which there
appeared to be an obvious Earth analog. Among the parallels are a comparable list of data and
acceptable parameters that were needed for successful landings [Masursky and Crabill, 1981;
Golombek et al., 1997a].

As it turned out for Viking 1, the actual measurement of atmospheric properties were well
within the engineering models and design tolerances [Masursky and Crabill, 1976a, 1981] and the
second landing profited from the first. For the Viking landers, 22-cm high rocks were considered
hazardous; Pathfinder sought rocks. Maps of the initial Viking Chryse site (centered at 19.5°N,
34.0°W), which is just west of the Pathfinder site, were prepared using Mariner 9 images
[Masursky and Strobell, 1976, see p. 24-27] that included atmospheric haze from the dissipating
Great Dust Storm of 1971. Upon arrival, Viking Orbiter | acquired images of the site through clear
skies that were astonishing because they revealed an eroded surface in the etched terrain that was
not visible in the Mariner 9 images and many felt that the surface would be rocky (partly by
analogy with the Channeled Scabland of Washington). This situation caused the rejection of the
site and the search for a more amenable surface. Arecibo radar observations at 12.6-cm [Tvier et
al., 1976] were important considerations for Lander 1 and held as much weight as the images
[Masursky and Crabill, 1976a, 1981]. Unlike Pathfinder, Goldstone echoes were weak,

suggesting a very rocky or rough surface, and diffuse echoes at 3.6- and 12.6-cm were not
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available or assessed. After selecting an alternative site while in orbit, Lander | descended to a
surface that appeared to have soil-like materials at the surface, root-mean-square slopes like some
lunar maria and Surveyor sites on the Moon, and a reflection coefficient that was Mars average.

Viking Lander 2 benefited from newly acquired data on the atmosphere and successful
landing of Lander 1 [Masursky and Crabill, 1976b]. Science dictated sending Lander 2 to the
northern latitudes where there were larger amounts of water vapor in the atmosphere and a greater
likelihood of life [Masursky and Crabill, 1976b, 1981]. Radar data were not available for the
northern latitudes, so that thermal observations as well as images figured strongly in interpretations
of the Lander 2 site. Sophisticated analyses of fine-component thermal inertias and rock
abundances were not available, but it was postulated that the Lander 2 site could be either rocky
like the Lander 1 site or sandy; a similar ambiguity still exists [see Golombek et al., 1997a].
Interpretations of the images varied: (1) some thought the surface would be sandy, (2) others
rocky, and (3) still others, a fine-grained eolian mantle.

The data list (parameter and source) developed for Viking resembles that of Pathfinder
[Masursky and Crabill, 1981; Golombek et al., 1997a]. The "surface” list includes: (1) altitude
(Earth-based radar and stereo-imaging, <4.25 km), (2) temperature (infrared thermal mapper), (3)
geology (visual impressions), (4) slopes (Earth-based radar and images, <19°), (5) protuberances
(visual impressions, <22 cm), (6) density, grain size, and cohesion (Earth-based radar and visual
impressions, 1.2-1.9 g/cm3) , and (7) radar reflectivity (Earth-base radar, >1% for altimeter). The
"atmospheric” list includes: (1) density and temperature as function of altitude (microwave
atmospheric water vapor detector and infrared thermal mapper), (2) composition (<15-20% argon),
(3) dust storms (images), and (3) winds (cloud motion and albedo changes).

Importantly, Viking Landers | and 2 and Pathfinder landed successfully. Viking did not
have the benefit of previous experience like Pathfinder. Clearly, Pathfinder profited from (1)
atmospheric data, (2) images, (3) complete thermal observations. and (4) orbital color data
supplied by Viking during entry and from orbit. The use of radar echoes for site selection and
certification Mars was pioneered by the Viking Project [Tvler et al., 1976; see also, Simpson et al.,
1978a.b]. Likewise, the Viking landers supplied data on (1) albedos and colors of soils and rocks

that guided the imaging and rover traverse planning strategy for sampling rocks and (2) physical-
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mechanical properties of the surface materials and rock populations that were used during the

design, testing, and site selection phases.

CONCLUSIONS

Using the data acquired by Viking and sophisticated analysis and modeling of the data
allowed us to predict the important characteristics of the Pathfinder site for safe landing and roving
at a scale of meters even though the remote sensing data are at scales of kilometers to tens of
kilometers. The prediction that the site would be a plain composed of materials deposited by a
catastrophic flood is consistent with that found at the surface and implies that some geologic
processes observed in orbiter data can be used to infer surface characteristics where those
processes dominate over other processes affecting the Martian surface layer [e.g., Christensen and
Moore, 1992]. The fact that the site appears to have changed little since it formed billions of years
ago also likely contributed to the retention of its primary depositional and morphological attributes.
For other areas on Mars, dust and sediment transport may obscure primary geologic features of
surfaces making them more difficult to predict from remotely sensed data. Close up rover and
lander images suggest that a variety of rock types and materials (a "grab bag" sample) were

deposited by the flood.
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Table 1. Landing Site Elevations

Location Planetary Radius  Elevation Relative to Geoid (Geoid Elevation):
Elevation Data (km) 6.1 mbar Geoid (km) Mars 50c Geoid (km)
Viking Lander 1 Site
48.22°W, 22.48°N (3390.92) (3390.38)
USGS DTM 3389.35 -1.57 -1.03
Tracking 3389.3210.02 -1.60%0.02 -1.0610.02
Ares Vallis Target Ellipse
33.10°W, 19.43°N (3391.25) (3390.79)
USGS DTM 3389.19 -2.06 -1.60
Radar 3389.6610.03 -1.59+0.03 -1.13+0.03
Pathfinder Landing Site
33.52°W, 19.28°N (3391.38) (3390.88)
USGS DTM 3389.34 -2.04 -1.55
Radar 3389.6310.04 -1.7520.04 -1.25+£0.04
Tracking 3389.72+0.03 -1.6610.03 -1.1710.03

USGS DTM values and geoid values for the Viking 1 and Pathfinder sites are calculated at the
ranging inertial frame location within the USGS cartographic network by applying the
appropriate offsets [Golombek et al., this issue]. The target ellipse values are averages of points
evaluated along the radar tracks within the USGS network. The radar results at the Pathfinder site
are an average of the ranges from the six radar resolution cells containing the Pathfinder landing
site. DTM (Digital Terrain Model) from U.S. Geological Survey [1993]. Radar from Haldemann
et al.[1997]. Tracking solution from Folkner et al. [1997].

Table 2. Atmospheric Conditions

Viking Lander 1 Pathfinder Design Pathfinder Ares Vallis
h=50km Surface h=50km Surface h=50km Surface

. 3 -4 2 -5 -2 -4 -2
Density (kg/m™) 1.23x10 2.0x10 = 6.6x10 2.0x10 1.19x10 1.74x10
Pressure (mbar) 345107 6996 1.722x107 6996  3.68x107°  6.70
Temperature (K) 147.5 188 137 185.25 163 201zl
Surface Wind (m/s) -- 5-10 =" 5-10 =" 5-10
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Table 3 Site Characteristics

Landing Site' Predictions Pathfinder Observations
Crater 1.2% of ellipse 3 craters visible, 40% probability
coverage these would be visible.
Knob 0.7% of ellipse 4 knobs visible, 10% probability
coverage these would be visible.
and Small hills: 10°-25° Twin Peaks: 14°-27°
slopes Large hills: >20° Far, Southeast, and North Knobs:
>30°
Local 3.5 cm delay-Doppler radar: 4.8°+1.3°  Preliminary stereogrammetric
slopes’ 3.5 cm CW radar: 6.4°+0.6° measurements about 4°
12.6 cm radar: 5°-7°
Radar 3.5 cm delay-Doppler normal Quasi-specular cross-section: 0.05
Properties  reflectivity’: 0.06:0.02 (estimate from soil density and area,
3.5 cm CW quasi-specular cross- and rms slope)
section’: 0.045 Diffuse cross-section: 0.07 (estimate
3.5 cm CW diffuse cross-section: 0.055 from rock abundance, reflectivity,
12.6 cm: 0.07-0.14 and directivity)
Thermal Bulk 1=10.4 (9.6-12.9) Assuming bulk I=10.4 and rock
Inertia, I*  Fine component 1=8.7 (8.2+0.4) abundance. implies fine component
[=8.4
IRTM rock coverage effective =30 Rocks in 3-6 m annulus effective
=40
Rock From IRTM: 18 % (average: 20.412.1%, In 3-6 m annulus around lander:
Abundance range: 18-25%) average: 16%, range: 10-25%
(% area) From rock size-frequency distribution
models: rocks >0.5 m high: 0.7-3.0% rocks > 0.5 m high: <1%’
Color Albedo: 0.24 (0.19-0.24) Abundant dark gray rocks, with less
Red reflectivity: 0.17-0.18 dust and/or weathering than the
Violet reflectivity: 0.06-0.07 Viking sites.

Red/violet ratio: 2.4£0.3

See Golombek et al. [1997a] for sources of data for Landing Site Predictions.

'Boldface values in this column refer to the pixel containing lander, other values are averages for
the whole landing ellipse (100 km by 200 km).

*Slopes are reported as a root mean square (rms) angle from horizontal for a sampling of slopes

with lengths less than 10 m.
" For small rms slopes. normal reflectivity and quasi-specular cross-section are nearly equal.

* The units for thermal inertia, I. are 107 cal em” s K.
* This is the far-field number, see text.
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FIGURE CAPTIONS

Figure 1. Portion of the Mars Pathfinder landing site (top) and Ephrata Fan (bottom). The Ephrata
Fan surface was suggested to be analogous to what we expected to find at the Pathfinder
landing site prior to landing [Golombek et al., 1997a]. The portion of the Pathfinder landing
site is looking due south and covers 10° in azimuth by 5° in elevation (from Super Panorama);
largest foreground rocks are 20-50 cm across. Picture of the proximal, rocky portion of the
Ephrata Fan looking southeast (courtesy of Vic Baker, University of Arizona), where late
stage drainage has been less important. Note dirt road in background for scale; foreground

rocks are roughly 30 cm across.

Figure 2. Cumulative fraction of area covered by rocks versus diameter at the Pathfinder landing
site, the Viking landing sites and models developed to predict the area covered by large rocks
prior to landing by Golombek and Rapp [1997]. The Viking 1 and 2 rock distributions are
from Moore and Keller [1990, 1991], with outcrops at Viking 1 not included. Pathfinder data
(black dots) are from an annulus of 3-6 m around the lander. The far field data are estimates
made for rocks greater than 1 m and 2 m diameter as described in the text. Model curves are
for 5, 10 and 20% total rock coverage as described in Golombek and Rapp [1997]. Data
show that the cumulative area covered by rocks greater than 1 m diameter is less than 1% at

the Pathfinder landing site, consistent with model predictions.

Figure 3. Cumulative fraction of area covered by rocks versus rock height at the Pathfinder
landing site, the Viking landing sites and models developed to predict the area covered by
large rocks prior to landing by Golombek and Rapp [1997]. The Viking | and 2 rock
distributions are from Moore and Keller [1990, 1991], with outcrops at Viking 1 not
included. Pathfinder data (black dots) are from an annulus of 3-6 m around the lander. The
far field data are estimates made for rocks greater than | m and 2 m diameter as described in
the text. Model curves are for 5, 10 and 20% total rock coverage as described in Golombek
and Rapp [1997]. Data show that the cumulative area covered by rocks greater than 0.5 m

high is less than 1% at the Pathfinder landing site, consistent with model predictions.
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